CD19 is a B cell-specific receptor that regulates the threshold of B cell receptor (BCR)-mediated cell proliferation. A CD47xCD19 bispecific antibody (biAb) was generated to target and deplete B cells via multiple antibody-mediated mechanisms. Interestingly, the biAb, constructed of a CD19 binding arm and a CD47 binding arm, inhibited BCR-mediated B-cell proliferation with an effect even more potent than a CD19 monoclonal antibody (mAb). The inhibitory effect of the biAb was not attributable to CD47 binding because a monovalent or bivalent anti-CD47 mAb had no effect on B cell proliferation. Fluorescence resonance energy transfer analysis demonstrated that co-engaging CD19 and CD47 prevented CD19 clustering and its migration to BCR clusters, while only engaging CD19 (with a mAb) showed no impact on either CD19 clustering or migration. The lack of association between CD19 and the BCR resulted in decreased phosphorylation of CD19 upon BCR activation. Furthermore, the biAb differentially modulated BCR-induced gene expression compared to a CD19 mAb. Taken together, this unexpected role of CD47xCD19 co-ligation in inhibiting B cell proliferation illuminates a novel approach in which two B cell surface molecules can be tethered, to one another in order, which may provide a therapeutic benefit in settings of autoimmunity and B cell malignancies.
Introduction
The survival and proliferation of mature B cells is contingent on B cell receptor (BCR) signaling, with tonic stimulation requisite to cell survival and antigen-mediated signaling obligate for cell activation and proliferation. [1] [2] [3] [4] In most B cell lymphomas, BCR expression and tonic BCR signaling has been shown to contribute to tumor progression. 5 As such, strategies aimed at abrogating BCR activation are considered a promising therapeutic strategy in B cell malignancies. 6 For example, drugs that target the BCR signaling pathway, such as ibrutinib and idelalisib, demonstrate therapeutic activity in chronic lymphocytic leukemia (CLL). 6 BCR activation is a complex process, regulated by several cell surface receptors, including CD21, CD81 and CD19. 7 These receptors form a cell surface complex with the BCR (the 'BCR signaling complex') to modulate the threshold of cellular activation. CD19, a B cell-specific member of the immunoglobulin superfamily, is a key component of this complex. 8, 9 Expressed during most stages of B cell development until plasma cell differentiation, CD19 positively regulates the intrinsic signaling threshold and serves as a costimulatory molecule for amplifying BCR signaling and downstream B-cell proliferation. 7, 8, 10, 11 Indeed, clustering of the BCR upon antigen binding induces the migration of CD19 to the BCR within minutes. [9] [10] [11] This molecular association allows CD19 to be phosphorylated at various positions (e.g., tyrosine (Y)-391, Y-482, Y-513 and Y-531), and, thus, function as a membrane adaptor protein recruiting phosphoinositide-3 kinase (PI3K), mitogen-activated protein (MAP) kinase and protein kinase B (AKT), which are key mediators of the BCR signaling pathway. 7, [12] [13] [14] B cells from CD19-deficient mice are hypo-responsive to BCR stimulation in vitro and generate relatively modest immune responses invivo. 15, 16 B cells from transgenic mice overexpressing CD19 are hyper-responsive to stimulation and present with elevated humoral immune responses when challenged with antigen in vivo. 17, 18 Recent clinical results with CD19/CD3 bispecific T cell engager and CD19-CAR-T therapies are a testament to the success of targeting CD19 as a tumor-associated antigen across multiple B cell malignancies. 19 Therapeutic CD19 mAbs have also been shown to inhibit BCR signaling and B-cell proliferation, highlighting that the role of CD19 in BCR activation may also be exploited to target B cells in autoimmunity and cancer. [20] [21] [22] A CD47xCD19 bispecific antibody (biAb) being developed to target the blockade of CD47-SIRPα on B cells for the treatment of B cell lymphoma and leukemia has been shown to be very potent in vitro and in vivo at killing target cells derived from various B cell malignancies. 23 Here, we show that this CD47xCD19 biAb produced an unexpected interference with BCR-induced proliferation and signaling via a CD19 dependent mechanism. Binding to CD47 prevented CD19 clustering and impaired CD19 migration to the BCR domain. Gene expression array analysis highlighted that the co-engagement of CD47 and CD19 on B cells modulated a pattern of BCR-induced genes involved in multiple biological processes (e.g., cell signaling, remodeling of the cytoskeleton, inflammation and metabolism). These results thus demonstrate an unreported role of CD47xCD19 co-ligation in modulating the proliferation of CD19+ cells.
Results
Co-engaging CD47 and CD19 inhibits human B-cell proliferation triggered by BCR cross-linking Anti-CD19 mAbs have been demonstrated to inhibit B-cell proliferation induced by BCR-dependent stimulation. [20] [21] [22] To further understand the effect of CD19 on BCR-mediated B-cell proliferation, the effect of an anti-CD19 mAb with an antibody variant targeting CD19 monovalently was compared. Human primary B-cell proliferation was induced by the combination of anti-BCR/anti-CD40 mAbs and assessed using flow cytometry. In cells pretreated with human IgG1 isotype control, stimulation with anti-BCR/anti-CD40 mAbs increased the percentage of proliferating B cells from a baseline level of 9.4% to 23.2% (Figure 1a) , whereas, as expected, a bivalent anti-CD19 mAb at 10 µg/mL significantly reduced the percentage of proliferating B cells to 15.1%. In contrast, the monovalent anti-CD19 mAb used at the same concentration did not affect B-cell proliferation (Figure 1a) . Increasing the concentration of the monovalent antibody to 50 µg/mL, a concentration saturating CD19 binding similarly as the CD47xCD19 biAb (Supplementary Figure 1a) still had no effect on BCR-mediated B-cell proliferation (Supplementary Figure 1b) . The results demonstrated that bivalent CD19 engagement is required for the inhibitory effect of the anti-CD19 mAb on B-cell proliferation. Interestingly, the CD47xCD19 biAb monovalently targeting CD19 and CD47 significantly reduced BCR-mediated B-cell proliferation to 10.5%, a level similar to the baseline level of 9.4% (Figure 1a) .
The effect mediated by the biAb showed a trend of being more potent than the bivalent anti-CD19 mAb (88% vs 66% reduction, respectively, of BCR-mediated B-cell proliferation). The inhibitory effect of the CD19xCD47 biAb was not solely mediated by the anti-CD47 arm because antibody variants targeting CD47 monovalently or bivalently failed to abrogate cell proliferation triggered by BCR cross-linking (Figure 1a) . Furthermore, combination of the anti-CD19 and anti-CD47 monovalent antibodies did not impair B-cell proliferation (Figure 1a) . Together, these results highlighting the importance of the bispecificity with physical association (close proximity) of the anti-CD19 and anti-CD47 arms within a single molecule.
As FcγR-IIB (on B cells) is known to negatively affect B-cell proliferation, we also evaluated the contribution of this receptor to biAb-mediated inhibition of BCR-dependent B-cell proliferation. 24 The F(ab)'2 of the biAb, lacking the Fc-domain, was equally effective as the full IgG to inhibit B-cell proliferation mediated by BCR cross-linking (Figure 1b) , demonstrating that the biAb Fc domain was dispensable to the inhibitory activity of the biAb. Anti-CD19 mAbs were demonstrated to mediate B cell killing by direct cell death. 25 We therefore determined whether the inhibitory effect of the CD47xCD19 biAb and the anti-CD19 mAb on BCR-mediated B-cell proliferation observed here was attributable to induction of direct cell death. For this purpose, B cells were pretreated with the biAb or the bivalent anti-CD19 mAb before BCR-stimulation and B cell viability analyzed by flow cytometry. As shown in Figure 1c , in contrast to ibrutinib (a pro-apoptotic molecule), neither the biAb, nor the anti-CD19 mAb impaired primary B cell viability in the context of BCR stimulation.
Co-engaging CD47xCD19 inhibits BCR-induced cytokine production by human B cells B cells secrete several pro-inflammatory cytokines upon BCR stimulation. 26 We therefore evaluated whether co-ligating CD47xCD19 with a biAb or CD19 with the bivalent anti-CD19 mAb impaired BCR activation-mediated production of proinflammatory cytokines. After 5 days of culture with anti-BCR/anti-CD40 mAbs, analysis of cell supernatants from B cells isolated from 12 healthy donors showed an increased level of interleukin-6 (IL-6) and tumor necrosis factor (TNF) (Figure 2a and B, respectively). The burton tyrosine kinase (BTK) inhibitor, ibrutinib (used as a positive control to decrease cytokine production), inhibited BCR-mediated IL-6 and TNF production ( Figure 2) . Pretreatment with the CD47xCD19 biAb reduced the levels of IL-6 and TNF from 18.1 ± 9.7 pg/mL and 23.1 ± 9.6 pg/mL to 9.7 ± 6.9 pg/mL and 9 ± 3.9 pg/mL, respectively ( Figure 2 ). Pretreating B cells with the anti-CD19 mAb before BCR stimulation also decreased both cytokine levels. Taken together, the results demonstrated that co-engaging CD47xCD19 with a biAb or targeting CD19 with a mAb significantly diminished anti-BCR /anti-CD40 mAbs-induced inflammatory cytokine secretion by human B cells.
CD47xCD19 co-engagement does not induce targeted receptor clustering or internalization
To further investigate the mechanisms underlying the inhibition of B-cell proliferation induced by co-ligation of CD47 and CD19, the molecular events occurring at the B cell membrane were explored. Fluorescence resonance energy transfer (FRET) experiments were performed using a flow cytometry based method (FCET) to assess receptor clustering following antibody binding to cells. FCET revealed that both anti-CD20 (rituximab, used as a positive control of CD20 clustering upon bivalent engagement) and anti-CD19 bivalent antibodies (used to investigate homologous CD19 association) induced receptor clustering, with anti-CD20 and anti-CD19 mAbs increasing FCET values to 6.7 and 8.2 fold, respectively, compared to baseline levels ( Figure 3a) . The anti-CD19 monovalent antibody induced a significant level of FCET after 1 and 4 hours of incubation at 37°C (Figure 3a) . Conversely, co-engaging CD47xCD19 with the biAb was unable to generate a FCET signal, highlighting the absence of CD19 clustering once co-engaged with CD47 at the surface (a) CFSE-labeled purified human primary B cells were incubated (15 min, RT) with either 10 μg/mL of hIgG1 isotype control, bivalent or monovalent anti-CD19 antibodies, the CD47xCD19 biAb, bivalent or monovalent anti-CD47 antibodies or a combination of monovalent anti-CD19 and anti-CD47 antibodies. Cells were then stimulated with 5 μg/mL anti-BCR (e.g. anti-IgM/IgG) and 1 μg/mL anti-CD40 antibodies for 5 days at 37°C. As controls, B cells were incubated for 5 days with 10 μg/ mL hIgG1 isotype control in absence of BCR stimulation. (b) CFSE-labeled primary B cells were incubated (15 min, RT) with either 66.6 nM of hIgG1 isotype control, anti-CD47xCD19 biAb full-length IgG or F(ab)'2 before being stimulated with 5 μg/mL anti-BCR and 1 μg/mL anti-CD40 antibodies for 5 days. As controls, B cells were incubated for 5 days with 10 μg/mL hIgG1 isotype control alone. (a, b) CFSE staining was analyzed by flow cytometry and data presented as percentage of dividing B cells. (C) Human B cells were incubated with 10 μg/mL hIgG1 isotype control or 10 nM ibrutinib (5 days, 37°C); or pretreated with 10 μg/mL of hIgG1 control, antiCD47xCD19 biAb or anti-CD19 mAb (15 min, RT) before being stimulated with 5 μg/mL anti-BCR (e.g. anti-IgM/IgG) and 1 μg/mL anti-CD40 antibodies (5 days, 37°C). Cells were then stained with a viability marker (BD Horizon 620) to detect live cells by flow cytometry. Graph represents the percentage of viable B cells. Each dot represents one unique donor as a source of B cells and the horizontal bars on each graph show the mean values ± SEM. Statistical analysis was performed using the one way ANOVA test: *p < 0.05, ***p < 0.001, ns = non-significant.
of B cells (Figure 3a
. Analysis by confocal microscopy confirmed these observations as the anti-CD20 mAb induced punctuated staining, demonstrating the clustering of CD20 while, in contrast, the biAb did not, i.e., the labeling pattern remained homogenous ( Figure 3b ).
Next, the ability to induce target internalization was studied in order to assess whether this may have contributed to the impairment in BCR-mediated B-cell proliferation after ligating CD19, i.e., by lowering CD19 expression at the cell surface. Internalization kinetics of the fluorescent-labeled Figure 2 . CD47/CD19 co-engagement inhibits BCR-induced cytokines production by human B cells. Purified human B cells were pretreated with 10 μg/mL hIgG1 isotype control, anti-CD47xCD19 biAb, bivalent anti-CD19 or 10 nM ibrutinib and then stimulated with 5 μg/mL anti-BCR and 1 μg/mL anti-CD40 antibodies. As controls, B cells pretreated with 10 μg/mL hIgG1 isotype control were left unstimulated. After 5 days of incubation at 37°C, supernatants were harvested and IL-6 (a) and TNF (b) levels were measured by a multiplexing assay. Dashed lines represent the lower limit of cytokine detection. Data represent the mean values ± SEM of a minimum of 6 independent donors. Statistical analysis was performed using the one way ANOVA test: **p < 0.01, ***p < 0.001. (a) Targets clustering were quantified on living Raji B cells using a fluorescence resonance energy transfer applied in flow cytometry (FCET) approach. Anti-CD20 mAb, bivalent or monovalent anti-CD19 antibodies or anti-CD47xCD19 biAb were conjugated to the FRET pair Cy3/Cy5 (donor/acceptor molecules respectively), and energy transfer values were obtained by combining equimolar Cy3-and Cy5-labeled antibodies on Raji B cells after 1 to 4 hours at 37°C. The FRET value was calculated and presented as normalized FCET where the FCET values obtained for each pair Cy3/Cy5 antibodies incubated at 4°C were set at 1 defining a threshold (dashed line) above which a sample is considered positive for targets clustering. The average normalized FCET ± SD were calculated from 3 independent experiments. (b) Images obtained by confocal microscopy of Raji B cells incubated with 10 μg/mL Alexa Fluor 488 (AF488)-conjugated anti-CD20 mAb or anti-CD 47xCD19 biAb for 15 min at 4°C or 4 hours at 37°C. The nuclei were counterstained with DAPI. Scale bars represent 10 μm. The white arrows show anti-CD20 mAb clustering. (c) Raji B cells were incubated at 37°C with AF488-conjugated anti-CD20 mAb, anti-CD47xCD19 biAb or bivalent or monovalent anti-CD19 antibodies. Internalization fluorescence ((quenched fluorescence/unquenched fluorescence) x 100) was analyzed over time using flow cytometry. AF488-conjugated hIgG1 isotype control was used as a negative control to assess baseline internalization. The results are depicted as the mean internalized fluorescence ± SEM of 4 independent experiments. The hIgG1 control is used as a negative control to assess baseline internalization. (d) Raji B cells were incubated (4 hours, 37°C) with AF488-conjugated anti-CD20 or anti-CD47xCD19 biAb then with an anti-CD45-APC.Cy7 to delimit B cell membrane. Cells were analyzed using a FlowSight instrument. AF488 fluorescence signals were captured without quenching (nQ) to assess total cell fluorescence and with quenching (Q) to visualize the fluorescence signal from the cytoplasmic compartment. Scale bars represent 10 μm. Statistical analysis was performed using the one way ANOVA test: *p < 0.05, **p < 0.01, ***p < 0.001. biAb was assessed by measuring non-internalized (nonquenched, nQ) versus internalized (quenched, Q) fluorescence with time. The results demonstrated that targeting CD19 bivalently with the anti-CD19 mAb resulted in up to 20% receptor internalization after 4 hours of incubation at 37°C similarly to the positive control anti-CD20 mAb. In contrast, monovalent engagement of CD19 or co-engagement of CD47 and CD19 by the biAb resulted in lower, i.e., 7% internalization at 4 hours (Figure 3c ). This level of internalization was confirmed by FlowSight imaging (Figure 3d) . Thus, in contrast to an anti-CD19 mAb, bridging CD47 to CD19 with the biAb does not induce receptor clustering or internalization.
CD47xCD19 co-engagement prevents CD19 from migrating to BCR domains and impairs CD19-Y531 phosphorylation
It has been demonstrated that CD19 regulates the threshold of BCR-mediated proliferation by associating with BCR clusters in lipid rafts to prolong BCR signaling. 9, 27 Our results demonstrated that similar to an anti-CD19 or an anti-CD47 mAb, the CD47xCD19 biAb did not affect BCR clustering (supplementary Figure 2a ) or intracellular Ca 2+ mobilization following BCR stimulation (supplementary Figure 2b) . We next investigated whether CD47xCD19 co-ligation could impair CD19 and BCR association following BCR cross-linking using FCET. Incubation of the monovalent anti-CD19 antibody with an anti-BCR mAb induced the direct association over time of CD19 with the BCR (Figure 4a ), recording a FCET value of 2.6 units at 30 minutes (min) and 3.6 units at 1 hour of BCR stimulation. Pre-incubation with the anti-CD19 mAb did not significantly affect the clustering between CD19 and BCR at 30 min or 1 hour. In contrast to the anti-CD19 mAb, co-engaging CD47xCD19 with the biAb significantly impaired receptor association to the BCR with a FCET value of 1.5 units at 30 min and of 1.9 units at 1 hour of BCR stimulation (Figure 4a ). CD19 is rapidly phosphorylated upon BCR stimulation. 12, 14 To address whether this impaired CD19/ BCR association affected CD19 phosphorylation, we assessed CD19 phosphorylation at tyrosine(Y)-531, which contributes to the transduction of CD19 signaling.
14 As expected, pretreatment of malignant B cells with human IgG1 isotype control and incubation with an anti-BCR mAb resulted in substantial CD19-Y531 phosphorylation at 1 min of incubation (Figure 4a and c) . The signal decreased at 5 min and returned to baseline level at 15 min. In contrast to a monovalent engagement of CD19, pretreatment with the anti-CD 47xCD19 biAb resulted in a significant decrease in CD19-Y531 phosphorylation (Figure 4b and 4c) . The same samples were tested for phosphorylation of Syk (BCR-specific tyrosine kinase) and MAPK (common tyrosine kinase to BCR and CD19 signaling). BCR cross-linking induced both Syk-Y352 and MAPK phosphorylation, which were unaffected by any of the pretreatment tested, including the CD47xCD19 biAb (Figure 4b) . Together, these results indicate that the anti-CD 47xCD19 biAb did not impede BCR clustering, but decreased CD19 association to the BCR, leading to decreased CD19 phosphorylation upon BCR activation.
CD47xCD19 co-engagement alters a subset of BCR-induced genes distinct from those affected by the anti-CD19 mAb To further elucidate the inhibitory mechanism of CD47xCD19 co-engagement on BCR-mediated B-cell proliferation, RNA sequencing was performed to identify potential gene modifications. Of the 35,000 genes tested, stimulation by BCR crosslinking altered the expression of 5,473 genes, with the majority linked to cell metabolism (3,072 genes), cell communication (1,291 genes), protein transport (794 genes), cell death (743 genes) and intracellular signaling (727 genes) (Figure 5a ). We observed that among the 5473 genes altered by BCR crosslinking, 29 genes were significantly affected by CD47xCD19 coligation and 24 genes showed significant changes in response to the pretreatment with anti-CD19 mAb (Supplementary Figures  3 and 4) . Among the set of genes affected by CD47xCD19 coligation and the set of genes affected by anti-CD19 mAb, only two genes were common to both sets (ARHGEF11 and ASCL2) ( Supplementary Figures 3 and 4) . The biAb-affected genes with known functions were clustered to biological processes, including cell signaling (AMER2 and FES), remodeling of the cytoskeleton (DNAH8, TP63, ARHGEF4, ARHGEF11 and POF1B), inflammation (NLRP12 and IL10) and metabolism (MGAT3) (Figure 5b and c) . The largest cluster of genes significantly affected by CD47xCD19 co-engagement were those involved in cytoskeleton remodeling, including 4 genes (DNAH8, TP63, POF1B and ARHGEF4) that were significantly decreased, and one gene (ARHGEF11) that was significantly increased ( Figure  5c ). The largest cluster of genes significantly affected by the anti-CD19 mAb included those involved in apoptosis/cell cycle processes (4 genes in total: LCN2, TEAD4, POLQ and RASSF6) (Figure 5d ). Several genes involved in other biological processes, such as the actin-binding partner GRID2IP in cytoskeleton remodeling, ESR1 and GPRC5B in cell signaling and SDS in metabolism, were also only significantly affected by CD19 mAb treatment but not by CD47xCD19 biAb (Figure 5d ). These results suggest that co-engaging CD47xCD19 on B cells can modulate a pattern of BCR-induced genes involved in multiple biological processes different from the genes significantly impacted by cross-linking CD19 with an anti-CD19 mAb.
Discussion
Small molecules inhibiting BCR signaling and B-cell depletion therapy using anti-CD20 antibodies represent a major therapeutic advance in B cell malignancies as well as autoimmune diseases. However, both therapeutic strategies have limitations, and the clinical responses to these therapies are heterogeneous among patients. 28, 29 The BCR-inhibiting molecules are only efficacious when BCR signaling is pivotal to disease progression, but not expected to have any effect on BCR-independent B-cell proliferation. The CD47xCD19 biAb presented herein is therefore expected to be efficacious in both BCR-dependent and BCR-independent diseases since, in addition to inhibiting BCR-dependent B-cell proliferation, the biAb can also deplete abnormal B cells through BCR-independent, Fc-mediated effector functions. 23 B-cell depletion using anti-CD20 antibodies is dependent on CD20 expression on target cells and a micro-environment in disease tissues favoring Fc-mediated effector functions including complement-dependent cytotoxicity, antibody-dependent cell-mediated cytotoxicity or antibody-dependent cellular phagocytosis (ADCP). 30 Malignant B cells may escape anti-CD20 therapies by either down-regulating CD20 expression or modulating the tumor microenvironment to suppress Fc-mediated effector functions (e.g., upregulating CD47 expression to suppress macrophage-mediated ADCP or reducing immune cell infiltration). [31] [32] [33] By targeting another B-cell-specific antigen, i.e., CD19, and blocking CD47/SIRPα interaction (i.e., enhancing macrophage-mediated ADCP), the CD47xCD19 biAb is well-positioned to address these two major mechanisms underlying the resistance/relapse to anti-CD20 therapies. Furthermore, by having an Fc-independent mechanism of inhibiting B-cell proliferation, the biAb may be efficacious even in tumor regions poorly infiltrated by FcγR-positive effector cells. Further investigation would be required, although out of the scope of the current study, to confirm whether the reported segregation of CD19 from BCR domains in preventing BCR-mediated B-cell proliferation would be also observed in in vivo settings.
To dissect the mechanism by which the CD47xCD19 biAb influences BCR-mediated B-cell proliferation, the effect was compared to antibodies engaging monovalently CD19 or CD47 or the combination of both variants. These controls had no effect on B-cell proliferation, suggesting that coligating CD19 to CD47 with the CD47xCD19 biAb is required. Increasing the concentration of monovalent anti-CD19 antibody to saturate CD19 target did not show any effect on B-cell proliferation either. Due to the low affinity of the anti-CD47 monovalent antibody (no apparent binding to human B cell at the highest concentration testable in vitro), it is impossible to have a combination condition mimicking the same levels of binding to both cell surface CD47 and CD19 as with the biAb condition. Furthermore, the inhibitory effect is independent of the inhibitory FcγR-IIB, in contrast to antibodies targeting CD19, where the inhibitory FcγR-IIB has been recently demonstrated to inhibit B-cell proliferation and cytokine production in response to BCR crosslinking. 34 Interestingly, treatment with the CD19 mAb enhanced CD19 clustering, a prerequisite for antibody-target complex internalization, 35 while CD19 clustering was not detected in the presence of the CD47xCD19 biAb, an observation confirmed by the experiment evaluating receptor internalization. Thus, removing a limited pool of CD19 from B cell surface did not contribute to the inhibition of B-cell proliferation afforded by the biAb.
Recent advances in live-cell imaging technologies have demonstrated the importance of BCR/CD19 co-clustering in the initiation of BCR signaling. 9, 36 Our data demonstrate that, in contrast to a bivalent engagement of CD19, the CD47xCD19 biAb prevent the recruitment of CD19 to the BCR activating cluster upon BCR cross-linking. It is worth noting that, on erythrocytes, it has been shown that CD47 is anchored to the cytoskeleton hindering CD47 mobility on the membrane. 37, 38 Coupling this reported observation with our data on the ability for the CD47xCD19 biAb to sequester CD19 from BCR clusters, co-ligation of CD19 and CD47 by the biAb may indeed restrict the CD19 mobility at the B cell surface by the cytoskeleton-anchored glycoprotein CD47. This effect would prevent CD19 from being mobilized to the BCR signaling complex, highlighting an unexpected role of CD47 co-ligation with CD19 in inhibiting B-cell proliferation.
Recent studies demonstrate that antigen-driven BCR clusters are efficiently converted to a signaling active state by colocalization with CD19 clusters. 9, 36, 39 As such, we investigated the impact of bridging CD47xCD19 on early BCR signaling events. The CD47xCD19 biAb did not impair the level of intracellular calcium mobilization or Syk and MAPKphosphorylation following BCR stimulation. Instead, treatment with the biAb resulted in decreased CD19 Tyr531 phosphorylation upon BCR stimulation.
The differences observed following CD47xCD19 biAb versus CD19 mAb ligation on BCR/CD19 clustering are further reflected by their differential modulation of gene expression following BCR cross-linking. The CD47xCD19 co-engagement induced significant changes in a unique set of genes involved in several biological processes, including signaling, metabolism and cytoskeleton remodeling. The largest subset of genes affected by the CD47xCD19 biAb are related to the cytoskeleton remodeling by decreasing the level of actin binding proteins (e.g., POF1B), the dynein heavy chain (e.g., DNAH8) or the Rho GTP exchange factor ARHGEF4 described to regulate actin and microtubule cytoskeleton networks. [40] [41] [42] [43] In contrast, the anti-CD19 mAb altered a set of BCR-inducible genes linked to apoptosis/cell cycle biology. This is in line with a previous report demonstrating that anti-CD19 bivalent engagement impacts the B cell cycle. 44 These data further support that the biAb and the anti-CD19 mAb employ distinct mechanisms to tune BCR-induced gene expression. The role of cytoskeleton remodeling in BCRstimulated B cell activation has been well-established. In response to membrane antigen ligation, B cells respond with an initial spreading (e.g., B cell membrane protrusion to sense local microenvironment) to better collect antigens, which is followed by the clustering of BCRs at the immune synapse. 45 Both the initial spreading and the consequent clustering of BCRs require reorganization of the cytoskeleton network. [46] [47] [48] Thus, the binding of the CD47xCD19 biAb may inhibit B cell activation at least partially by modulating genes involved in cytoskeleton dynamics.
Taken together, this study demonstrates that co-ligation of CD47xCD19 with a biAb, in addition to mediating killing of tumor B cells by macrophage-mediated phagocytosis, can alter the dynamics of CD19 mobility at the plasma membrane, phosphorylation of CD19 and BCR-mediated gene expression. 23 These mechanisms could be exploited to dampen the response of BCR-activated B cells in settings of malignancies and autoimmunity.
Materials and methods

Reagents
CD47xCD19 biAb, Ab variants engaging monovalently CD47 or CD19, bivalent anti-CD47 or CD19 mAbs were generated and purified at NovImmune as described in details by Fischer et al. 49 The anti-CD47 monovalent antibody used in this study contains the same CD47-binding arm as the CD47xCD19 biAb and an arm binding to an irrelevant target (EpCam, a target not expressed in human B cells). The anti-CD19 monovalent antibody contains the same CD19-binding arm as the CD47xCD19 biAb and an irrelevant nonbinding arm (with no detectable binding to any known human protein). Human IgG1 (hIgG1) isotype control mAb was generated internally from Chinese Hamster Ovary (CHO) culture supernatant. The CD19 monovalent antibody contains the same anti-CD19 arm as the CD47xCD19 biAb and an irrelevant nonbinding arm. In the same manner, the CD47 monovalent variant contains the same CD47 arm as the biAb and an irrelevant nonbinding arm. Clinical grade rituximab (anti-CD20 hIgG1 mAb) was obtained from FarmaMondo. F(ab)'2 goat antihuman IgM/IgG antibodies (109-006-127) were purchased from Jackson ImmunoResearch and anti-CD40 antibody (Clone 82111, MAB6321) from R&D Systems. Phospho-CD19 (Y531, 3571), phospho-Syk (Y352, 2701), and phospho-MAPK (T202/ Y204, 9101) were purchased from Cell Signalling Technology. Anti-actin Ab was purchased from Sigma (A1978) and horseradish peroxidase (HRP)-conjugated goat anti-rabbit (111-036-003) or anti-mouse IgG (115-036-003) were purchased from Jackson ImmunoResearch.
Isolation of human primary B cells
Peripheral blood mononuclear cells were isolated by density gradient centrifugation on SepMate-Ficoll tubes (StemCell Technologies, 85,450) and B cells were purified by negative selection using Magnetic Bead-Activated Cell Sorting (StemCell Technologies, 17,954) according to the manufacturer's protocol. B cell purity (>95%) was assessed by flow cytometry using antihuman CD20-APC (BD Biosciences, 559,776).
BCR activation and proliferation assay
Isolated B cells were incubated with 0.2 μM carboxylfluorescein diacetate succinimidyl ester (CFSE, ThermoFisher Scientific, C34554) in phosphate-buffered saline (PBS) for 15 min at 37°C, washed several times with complete RPMI medium (containing 10% calf serum, 2mM L-glutamine, 1mM sodium pyruvate, 10mM HEPES, 50μM 2-mercaptoethanol and 25μg/mL gentamicine) and transferred into 96-well plates (0.5x10 5 cells/well). B cells were pretreated with 10 μg/mL of hIgG1, anti-CD47, anti-CD19 mAbs, CD47xCD19 biAb or the variants antibody engaging monovalently either CD47 or CD19 (alone or in combination tested at 10 μg/mL each) (15 min, room temperature). In some conditions, the F(ab)'2 fraction of the CD47xCD19 biAb was generated using the FragIT kit (Genovis, AO-FR6-025) and used at 66.6 nM to have the same molar quantity of antibodies per condition. Cells were then stimulated by cross-linking of the BCR with 5 μg/mL of anti-human IgM/IgG F(ab)'2 in the presence of 1 μg/mL of anti-CD40 antibodies (combination referred as BCRstimulation) and incubated in complete medium (5 days, 37°C). Cells were then stained with BD Horizon 620 (BD Biosciences, 564,996) to exclude dead cells. CFSE staining was analyzed on live cells by flow cytometry using a CytoFLEX (Beckman Coulter) and results evaluated by FlowJo software.
Cytokine production
Isolated B cells were pre-treated and stimulated as described above. The supernatants were collected after 5 days and stored at −70°C until analyzed for the presence of IL-6 and TNF by a multiplexing assay (Luminex 200 System, xPONENT 3.1 software).
Fluorescence resonance energy transfer applied in flow cytometry assay
Antibodies were conjugated to NHS-ester derivates of Cy3 and Cy5 (Novus Biologicals, 340-0010) as described in the manufacturer's instruction. FCET methodology was applied as previously described. 50 An energy transfer between the Cy3-labeled and the Cy5-labelled antibody measured by FCET indicate that the two antibody molecules bind to targets in close proximity, thus indicating receptor clustering. Raji or Ramos B cells were resuspended in PBS and distributed in 96-well plates (1x10 5 cells/well). Equimolar donor (Cy3)-conjugated and acceptor (Cy5)-conjugated antibodies were combined and added to the cell suspension (20 μg/mL final). Cells were incubated from 15 min to 4 hours in the dark at 37°C or 15 min on ice. B cells were co-incubated with both the Cy3-labeled test antibody and the same antibody labeled with Cy5. Alternatively, to address BCR and CD19 clustering, B cells were incubated with combined Cy3-labeled anti-BCR (i.e., anti-IgM) and Cy5-labeled test antibodies. Each experiment included cells labeled with donor or acceptorconjugated antibodies in the presence of equimolar unlabeled antibodies. FCET was assessed on living B cells using flow cytometry (CytoFLEX, Beckman Couter). By substracting values collected from single-labeled cells and respective isotype controls, a high FCET value indicated close proximity of Cy3-and Cy5-labeled antibodies.
Internalization assay
Fluorescent labelled-antibodies were generated using an AF488 labeling kit (Life Technologies, A-20,181) according to manufacturer's instructions. Raji B cells were pre-incubated (30 min, 4°C) with 50 μg/mL AF488-conjugated CD47xCD19 biAb or control antibodies, a concentration at which surface staining was determined to be saturating. Cells were then incubated (from 15 min to 4 hours, 37°C) in complete culture medium. After incubation, cells were rapidly chilled on ice, washed in cold PBS and incubated (30 min, 4°C) with (quenched samples) or without (unquenched samples) a saturating concentration (100 μg/mL) of rabbit anti-AF 488 quenching polyclonal antibodies (Life Technologies, A-11094). Cells were fixed in CellFix (BD Biosciences, 340181) before acquisition on a flow cytometer and data were generated using FlowJo software. Internalized fluorescence was then calculated from data of quenched and unquenched samples by correcting for incomplete surface quenching. In some experiments, internalization was confirmed using a second technology, the FlowSight imaging flow cytometer (Merck Millipore).
Western blot analysis
Ramos B cells were first starved during 5 hours in serum-free RPMI. Then, cells (0.25x10 6 per tube in 50 μL) were either left untreated or pretreated 15 min at room temperature (RT) with 10 μg/mL anti-CD47xCD19 biAb, monovalent anti-CD 19 or hIgG1 isotype control. Cells were then stimulated with an anti-IgM (10 μg/mL) for 1, 5 and 15 min at 37°C, pelleted and lysed in 35 μl of Laemmli buffer (BioRad, 161-0747) containing 0.1M dithiothreitol. Cell lysates were boiled 5 min at 95°C before being subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and proteins were transferred to nitrocellulose membranes (GE Healthcare Life Sciences). Membranes were blocked for 30 min in Tris-buffered saline-Tween (TBS-T, 150 mM NaCl, 20 mM Tris and 0.1% Tween 20, pH 7.5) containing 5% milk and incubated overnight at 4°C with primary antibodies diluted in TBS-T 1% milk. After three washes in TBS-T, HRP-conjugated secondary antibodies diluted in TBS-T 1% milk were added for 1 hour at RT. After three washes in TBS-T, reactive proteins were visualized using an enhanced chemiluminescence detection system (Millipore). Phospho-CD19 signal intensities were quantified using Image J and corrected for protein loading by the use of Actin. Results were presented as index values relative to unstimulated conditions.
RNA sequencing analysis
Human primary B cells (0.15x10 6 cells/mL) were pretreated with 10 μg/mL of hIgG1, anti-CD19 mAb, anti-CD47xCD19 biAb (15 min, RT) or left untreated as control (unstimulated B cells). Cells were then stimulated by cross-linking of the BCR with 5 μg/mL of anti-human IgM/IgG F(ab)'2 in the presence of 1 μg/mL of anti-CD40 antibodies and incubated in complete medium (4 hours, 37°C). Total RNA were isolated using the reliaPrep RNA cell Miniprep Sytem (Promega, Z6011), DNA contaminant was removed using the DNA removal kit (ThermoFisher Scientific, AM1906) and RNA quality was verified using the Agilent 2100 bioanalyzer. RNA samples were then collected to prepare a library for sequencing on an Illumina HiSeq 4000. Biological triplicate samples were sequenced at the iGE3 Genomics Platform of the University of Geneva. The reads were mapped to the reference genome (UCSB -hg38) and the differential expression investigated (softwares TopHat v2.013 and R/Biocondictor EdgeR v.3.10.5., respectively). BCR-induced genes with at least 2-fold change in expression and with an adjusted p value ≤ 0.05 in response to each pretreatment were chosen for further analysis. Functional classification of genes was performed using MetaCore (Life Sciences Research, Thomson Reuters).
Statistical analysis
GraphPad Prism 6 was used for all statistical analysis. The one-way ANOVA was used for comparing difference between groups *** p < 0.001, ** p < 0.01, * p < 0.05. Data are presented as mean ± SEM. 
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